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Abstract 
A careful topographical characterization is important 
for reliable interpretation of the role of implant surface 
roughness in bone incorporation. In this paper, the cur-
rently available measuring instruments and evaluation 
techniques are described and discussed first, than liter-
ature on the role of surface roughness for cell and bone 
tissue reactions in vitro and, with special emphasis, the 
in vivo studies are reviewed. Finally, the results from 
a series of the authors own animal studies evaluating 
screw-shaped implants with different surface roughnesses 
are summarized. The results demonstrated firmer bone 
fixation for blasted implants than for turned ones. A 
blasted surface with an average height deviation (S.) of 
1.5 ILm had a better bone fixation than a blasted surface 
with an average height deviation (S.) of 1.2 ILm. A 
tendency towards more bone in contact and higher 
removal torques was found for blasted implant surfaces 
with an averag~ height deviation (S.) of 1.2 I'm than 
with blasted surfaces with 2.2 ILm average height 
deviation (S.). 
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Introduction 
Surface topography is one property of an implant 
that will determine its surface quality. The surface qual-
ity of the implant will depend on the chemical, physical, 
mechanical and topographical properties of the surface. 
The surface quality is one implant related factor consid-
ered to be important for successful implant incorporation 
in living bone. Other important factors are: Implant ma-
terial, implant design, status of the bone, surgical tech-
nique and implant loading conditions (Albrektsson et al. , 
1981). 
The different properties will interact with each 
other, for example a change in surface topography may 
also result in a change in surface energy, thickness of 
oxide layer and surface chemical composition. 
Several authors (Kasemo and Lausmaa 1988; Smith 
et al., 1991; Smith, 1993; Muster et al., 1995) have 
called attention to the importance of a careful charac-
terization of the different surface properties. Such a 
characterization is necessary to correlate implant func-
tion to its surface properties, and to control the effect of 
the manufacturing process. 
This review will concentrate on the role of surface 
topography, measuring methods, evaluation and results 
from in vitro and in vivo experiments in bone tissue. 
Characterization of Surface Topography 
The surface topography relates to the degree of 
roughness of the surface and the orientation of the sur-
face irregularities. For a careful topographical charac-
terization it is necessary to use measuring methods that 
provide numerical and visual images. The appropriate 
method must be chosen with respect to the desired meas-
uring range, height range, resolution and material to be 
measured. No method is optimal for every purpose. A 
"true" surface roughness value does not exist. It varies 
among other things with the capability of the measuring 
equipment. 
Different machining processes result in quite differ-
ent surface tol>ographies (Stout et al., 1990; Smith et 
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al., 1991). The implant surface structure may be altered 
in other ways as well. Examples of methods used to 
alter the surface topography of implants (intended for 
experimental purpose and commercial use) include 
electropolishing, grinding, abrasive blasting, plasma 
spraying, coating of the surface, photolitography and 
laser preparation. 
Methods for Surface Topographical Measurements 
at the Micrometer Level 
Two major principles exist, contact and non-contact 
methods. 
Contact methods 
Surface roughness measurements with a contact sty-
lus are currently the most widely used industrial method. 
The principle for contact stylus instruments is that a 
pick-up with a stylus (most often a diamond tip) is tra-
versed over the surface at a constant velocity (either the 
surface or the stylus is moved). A load is applied to the 
stylus which assures that the stylus tip never loses con-
tact with the surface. 1be vertical movements of the 
pick-up are converted to an electrical signal which is 
amplified before being converted into digital information 
or displayed as a profile line on a chart record, with the 
height amplified relative to the distance along the sur-
face. The vertical measuring range could be up to 8 
mm (Dagnall, 1986; Mummery, 1990). 
Non-contact, optical methods 
Optical profilometers provide the same possibilities 
for surface roughness parameter calculation and image 
production as the mechanical stylus instruments. Com-
pared to the mechanical stylus, optical techniques are 
relatively new, but have reached an increasing popular-
ity, in part since the non-contact technique has an ad-
vantage when measuring soft materials. Other important 
advantages are that optical methods, in general, are 
faster than contact methods, and that they often have 
better resolution in the horizontal direction. Vertical 
measuring range is up to 1 mm. Examples of different 
principles used in commercially available devices are: 
interferometry, auto focus detection and confocal laser 
scanning microscopy (Bennett and Mattsson, 1989; 
Wilson, 1990). 
How to Measure Surface Topography 
Surface structures without a dominant direction are 
called isotropic. Techniques for producing such sur-
faces, where the irregularities are evenly spaced but ran-
domly oriented, include abrasive blasting and plasma 
spraying. Some machining processes result in a surface 
with a distinct and regular pattern, the so called "lay". 
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These surfaces are called anisotropic. Examples of such 
processes include turning and milling . With two-dimen-
sional (2D) measurements, the profiles obtained will be 
quite different if the measuring direction is across or 
along the lay. The measurements should be performed 
across the lay, where the irregularities are most pro-
nounced (Khol, 1972; Dagnall, 1986). Obviously, for 
three-dimensional (3D) measurements, the measuring di-
rection is less crucial. However, for 3D measurements, 
the sampling distance is important for the parameter cal-
culation. Too large a distance will result in a loss of 
important frequency components. The number of meas-
urements required depends on the homogenity of the sur-
face structure and has to be decided at the start of every 
new study. A stable and small value of the standard 
deviation could serve as an indication in this respect. 
Evaluation of Measurements Filters 
A surface texture consists of form, waviness and 
roughness. Surface roughness parameters are defmed 
after form and waviness have been removed (British 
Standard, BS 1134). 
One function of a filter is to separate these compo-
nents from each other. The roughn.ess is related to the 
finest irregularities with the "spatial frequencies" within 
the measurement, "waviness" with medium "spatial fre-
quencies", and "form" with the lowest spatial frequen-
cies. There is no definition of when roughness becomes 
waviness. This has to be decided before the evaluation, 
and the size of the filter is based on this decision. The 
numerical values will depend on which filter and filter 
size have been chosen. 
Basically, two types of filters are used, a low pass 
and a high pass filter. The low pass filter attenuates the 
high frequencies and the high pass filter attenuates the 
low frequency components. 
Filtering can be carried out in frequency or spatial 
domain. An example of a filter in the spatial domain is 
a surface fitting procedure which will separate form 
from detailed spatial features, for example remove the 
curvature from a cylinder surface. Blunt et al. (1994) 
used a polynomial surface to fit the raw data of a cyl-
inder. However, surface fitting demands good know-
ledge of the surface before evaluation, which is not 
always the case in research projects. For 3D measure-
ments, zonal or Gaussian filters have been recommended 
(Stout et al., 1993). 
Parameters 
Parameters are used to numerically describe the ap-
pearance of the surface roughness . In an ideal case they 
should provide unique information about the surface. 
The parameters should correlate to the in vivo perform-
The role of surface roughness for implant incorporation 
ance of the surface, or to the production process which 
created the surface. Surface roughness parameters are 
often separated into three groups, depending on the 
characteristics of the surface that they quantify. 
Amplitude parameters. These are solely height 
deScriptive (Fig. 1). Examples are: R8 , Rq, :Rz, and~; 
these parameters are defined for 2D measurements, i .e., 
profiles. sa, sq. sz, and st are corresponding 
parameters for 3D measurements, i.e., surfaces. 
A symbol Table is provided on page 14. 
Arithmetic mean deviation of the: 
(1) Profile: ~~ 
Ra=l:I,: ly(xi>l 
M i=1 
(2) Surface: 
N M 
Sa= -
1
- L L I z (xi,Yj) I 
M * Nj=1 i=1 
Root-mean-square deviation of the: 
(1) Profile: 
I M - 1 2 Rq - - L y (Xi) M i=1 
(2) Surface: 
Ten point height (DIN) of the: 
(1) Profile: 
Rz= ~ [ t IYpil 
~=1 
+ t, IYvill 
(2) Surface: 
s z = ~ [ t I Y pi I 
~=1 
+ t, IYvi 1] 
Maximum peak to valley height of the: 
(1) Profile: 
Rt I Ypil + I Yvi I 
(2) Surface: 
st I Ypil + I Yvi I 
(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
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Spacing parameters: These describe the spacing 
between the irregularities (Fig. 2). Examples are: Sm, 
S (2D), Sex• Sey (3D). 
Mean spacing between surface peaks: The 2D 
parameter Sm is the average value of the length of the 
centre line section containing a profile peak and adjacent 
valley and should cross the centre line, in contrast to the 
parameterS which is the mean spacing of adjacent local 
peaks. For the S parameter, it is necessary to define 
what is to be accepted as a peak. This parameter is 
more dependant of the measuring equipment than on the 
surface features. The formula for sm and sex is 
identical. 
(9) . 
(10) 
~jx and Cjy are the mean spacing of the local irregular-
ities of the j-th profile along the X or Y direction. 
Hybrid parameters. These include information 
about height as well as space (Fig. 3). Examples are: 
~q• Aq (2D), and Saq• Sdr (3D). 
Root-mean-square slope of the: 
(1) Profile: 
(2) Surface: 
(11) 
(12) 
where Pij is the surface slope at any point in the topo-
graphical data. 
Average wavelength, root-mean-square of the: 
( 1) Profile: 
(13) 
(2) Surface: 
(14) 
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Figure 1. A schematic diagram demonstrating amplitude parameters, measuring the height deviation of surface 
irregularities. 
Sm 
n 
Figure 2. A Schematic diagram demonstrating spacing parameters, measuring the space of irregularities along the 
surface. 
~q= 
27tRq 
Figure 3. A schematic diagram demonstrating hybrid parameters, includes information from height and space in 
combination. 
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Developed surface area ratio: 
Sar = 
Sa a ~ 1 (M-1) (N-1) Ki * Lly 
were Sda is the developed surface area: 
N-1 M-1 
Saa= L L Aij 
j=1 i=1 
(15) 
(16) 
~j are the triangles constituting the topographic data. 
To quantify a surface structure some parameters 
from each group should be used. Many parameters exist 
(more than 150 can be found in the literature) and many 
nations have their own roughness standards which can 
sometimes make the roughness values difficult to inter-
pret. An example is the parameter Rz, which in DIN 
4768 (the German standard) will express the average of 
the maximum peak-to-valley heights in five successive 
sample lengths, whereas in BS 1134 (the British stand-
ard), the Rz value is the difference in height between the 
average of the five highest peaks and the average of the 
five lowest valleys in the whole evaluation length. 
Another example is the average roughness parameter, 
which will appear with different denominations, R8 , 
CLA, A.A., but with the same mathematical defmition. 
A surface will interact with another surface in three 
dimensions, therefore, 3D measurements and evaluations 
are more informative than 2D measurements. However, 
for 3D measurements no standard exists, but recommen-
dations are found in the work by Stout et al. (1993), 
which is the closest approach available to a standard for 
3D measurements today. As shown by the mathematical 
formulae above, some of the 3D parameters recommen-
ded are extensions from well known and frequently used 
2D parameters, whereas others are newly constructed to 
describe functional properties of a surface. To separate 
2D parameters from 3D, the parameters in 3D are called 
S (as in surface). 
Parameters are scale dependent; the values will de-
pend on the measurement scale and the sampling inter-
val. Thomas (1982) demonstrated a correlation between 
the ~ value and the length of the measurement. Rq will 
increase with root of the measurement length. 
To overcome the problem with scale dependencies 
fractal parameters can be used. Some surfaces are con-
sidered to have a fractal dimension, i.e., the surface 
exhibits a self-similarity structure. Thus, the surface 
will have the same appearance in all scales. Fractal 
analysis is the only way for a scale independent charac-
terization of such surfaces. The method was presented 
by Mandelbrot (1983). Fractal analysis describes the 
surface by fractals of dimensions. A straight line with 
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interruptions will have a fractal dimension less than 1, 
a profile will have a dimension between 1 and 2, and a 
surface will have a fractal dimension between 2 and 3. 
Surfaces with a self-similar structure will thus be 
completely described by the fractal dimension. 
In implant research, the fractal method has been 
used to describe the surface complexity of plasmaspray 
coated titanium plates (Pimienta et al., 1994). Fractals 
have not yet been correlated to any functional application 
or to other surface roughness parameters. The method 
is, so far, not generally accepted. At present, the fractal 
dimension can be used as a complementary method for 
surface description. 
Methods for Surface Roughness Characterization 
Used in Implant Research 
The most frequently used method is scanning elec-
tron microscopy (SEM): a comparative method. How-
ever, without numerical values presented in a standard-
ized way it is impossible to compare the results from 
different studies. A surface which is denoted "rough" in 
one study may be "smooth" in another. A surface topo-
graphical characterization ought to include not only qual-
itative but also quantitative data that SEM or other qual-
itative methods do not supply. 
In the past, quantitative surface roughness character-
izations have only rarely been used in implant research . 
One reason for this lack of quantitative studies is the dif-
ficulty in identifying appropriate methods for different 
designs of implants. The size and shape of the implant 
is often a critical factor in the choice of a measuring 
method. In orthopaedic research , measurements are 
often performed with a mechanical stylus, while in 
dental implant research, implants can only be measured 
with this method if the implants have a design without 
threads. 
Wilke et al. (1990) addressed the problem by meas-
uring discs treated similarly to the screw-shaped im-
plants under investigation. However, one must be aware 
that blasting a disc and blasting a screw may not result 
in an identical surface roughness. Wennerberg et al. 
(1997b) characterized the surface topography of spark-
eroded surfaces. A certain current would produce a spe-
cific surface roughness (prepared and measured on flat 
samples by the manufacturer of the spark-eroding equip-
ment.) However, when preparing screw-shaped implants 
with the recommended current, the estimated surface 
roughness was not achieved. 
Some researchers have stressed the possibility that 
not only height deviation but also the kind of roughness, 
such as slopes and radii of the peaks, will influence the 
biological outcome (Wilke et al., 1990; Buser et al., 
1991; Martinet al., 1995). They, therefore, stressed 
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the importance of choosing parameters that will describe 
the surface in all directions. In the past, if numerical 
values have been presented at all, the dominant parame-
ters have been the R8 and the Rr parameters, and to 
some extent, the Rz parameter. These parameters are all 
purely height descriptive. Only a few studies have 
included spatial descriptive parameters as well (Carlsson 
et al., 1994; Ungersbock and Rahn 1994; Wong et al., 
1995). 
To be able to compare the results obtained from 
different measurement equipment, clear specifications of 
the measuring method and the evaluation technique are 
required. A state of the art surface characterization 
ought to include qualitative as well as quantitative data 
and include spatial and vertical description of the surface 
irregularities. Furthermore, a clear description of the 
parameters used is necessary. Information should also 
be given about measuring equipment, numbers of meas-
urements , length/area of measurement and type of filter. 
Surface Roughness and Bone Tissue Reactions: 
In Vitro Studies 
Polymer surfaces have demonstrated more macro-
phages (Salthouse et al., 1984) and more foreign body 
giant cells (Behling and Spector, 1986) in close connec-
tion to rough surfaces than to smooth ones. Murray et 
al. (1989) concluded that bone resorption caused by 
macrophage activity, was influenced by surface topogra-
phy and energy. A rough surface was characterized as 
a surface with poor light reflective capacity, whereas a 
smooth surface had good reflective capacity. No other 
surface roughness characterization was performed in the 
study. A rough surface stimulated twice as much bone 
resorption as a smooth surface, and a high energy hy-
drophilic surface demonstrated 2.5 times as much bone 
resorption as a low energy (hydrophobic) surface. A 
synergistic effect was shown for a rough hydrophilic 
surface, which increased the resorption rate five-fold. 
However, the authors observed that bone resorption is 
normally coupled to bone formation and in vivo investi-
gations are mandatory to confirm these in vitro results. 
Grofiner-Schreiber and Tuan (1991) studied osteo-
blasts cultured on smooth, rough and porous-coated tita-
nium discs. The results showed substantially higher 
rates of collagen synthesis and mineralization capability 
for cells cultured on rough and porous-coated discs than 
for smooth discs. SEM was the only method used for 
surface topographical characterization. Brunette et al. 
(1991) investigated micromachined titanium coated sur-
faces and the effect of surface topography on osteo-
blastic behaviour. They found that osteoblasts became 
oriented with their long axis parallel to the grooves, and 
that the cells migrated in the direction of the grooves. 
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This was in contrast to smooth surfaces where the cells 
were oriented in a random fashion. No control of the 
surface topography was performed. 
Bowers et al. (1992), investigated commercially 
pure (c.p.) titanium discs with different surface topog-
raphies with respect to the number of attached osteo-
blast-like cells . They found significantly higher levels 
of cellular attachment for irregularly rough surfaces, 
obtained by blasting the surface with 50 J.Lm sized parti-
cles of Al20 3 (R8 0.87 J.LID), than for surfaces with a 
regular surface structure, produced by a polishing proce-
dure (R8 1.15 J.Lm and 0.14 J.Lm, respectively) . Keller et 
al. (1994) compared c.p. titanium and Ti-6Al-4V sur-
faces with different surface roughnesses. The surfaces 
investigated had R8 values between 0.9-0.03 J.Lm. In 
agreement with Bowers et al. (1992), they found rough 
surfaces had much higher levels of osteoblast-like cells 
attached than had smoother surfaces . In contrast to the 
results from the surface roughness evaluation, no differ-
ence in cell attachment between the two materials was 
detected. C.p. titanium and Ti-6Al-4V were found to 
have similar surface characteristics except for a thinner 
oxide layer and the presence of aluminum in the oxide 
of the alloy implants. 
Martinet al. (1995) evaluated the proliferation and 
differentiation of osteoblast-like cells in contact with c. p. 
titanium surfaces with differing surface roughness . 
They found that both the regularity and the surface 
roughness influenced the cell differentiation and mineral-
ization of the matrix. Better matrix production and 
higher collagen synthesis were found in cells cultured on 
rough surfaces. The average profile height value (Rz) 
was between 5.02 and 18.28 J.Lm as measured with a 
confocal laser scanning microscope. 
In a review article, Boyan et al. (1996) suggested 
that the response to different surface roughnesses was 
dependent on the maturation of the cultured cells 
( chondrocytes). 
Surface Roughness and Bone Tissue Reactions: 
In Vivo Studies 
Several authors have concentrated their investiga-
tions on "micro roughness" i.e., a structure at the 
micrometer level. 
When comparing rough and smooth surfaces at the 
micrometer scale, most studies have shown a positive 
correlation between increased surface roughness and the 
removal torques or push-out values needed to loosen the 
implants investigated. However, histological investiga-
tions have given more varied results. 
Cohen (1961) compared chromium-cobalt alloy 
screws with three different surface roughnesses in vitro 
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as well as in vivo. TheRa value obtained from 2D pro-
filometry on the three surfaces investigated was re-
ported. The sand-blasted surface had an R8 value of 
30-35 /Linch (0.76-0.89 /LID), the vapor blasted surface 
an R8 value of 40-50 /Linch (1.02-1.27 I-'m), and the 
electropolished surface had an R8 value of 20-25 /Linch 
(0.5-0.6 I-'m). The removal torque was highest for the 
roughest screws in vitro and in vivo. The histological 
evaluation revealed virtually identical tissue reactions to 
all of the surface roughnesses investigated. 
Freeman (1972) investigated three polished surfaces 
with regard to bone-to-metal contact. No differences 
were found for the different surface treatments. No 
surface topographical control was performed. 
Predecki et al. (1972) found an R8 value of more 
than 0.5 I-'m to be necessary for fixation of the implant 
against the bone tissue. The reason for this was sug-
gested to be that the surface roughness allowed space for 
vascularization and ingrowth of new bone. 
Claes et al. (1976) inserted ASIF leg screws of two 
different surface roughnesses in sheep legs. Screws 
prepared with a rough surface exhibited a significantly 
higher removal torque than screws with a smooth 
surface. No topographical control was used. 
Donath et al. (1984) found the number of giant cells 
detected to be positively correlated to increased surface 
roughness of smooth, grit blasted and plasma sprayed 
titanium cylinders. The paper presented no topo-
graphical control. 
Kirsch and Donath (1984) studied the rate of bone 
formation on turned, grit blasted and plasma sprayed 
titanium implants. The plasma coated implants showed 
bone in contact with the implant surface after seven 
days; corresponding figures for the sand-blasted and 
turned implants were eleven and twenty days, respec-
tively. No topographical investigation was performed. 
Thomas and Cook (1985) investigated implants 
made of polymethylmethacrylate, carbon, c.p. titanium 
and alumina. The surface roughness was altered by pol-
ishing or grit-blasting the samples. The surface modifi-
cations used resulted in an average roughness (Ra) from 
0.13 /LID for the smoothest group of implants to 2.16 I-'m 
for the roughest group of implants as measured with 2D 
profilometry. A push-out test demonstrated no effect of 
the different materials used, but showed a correlation 
between increased surface roughness and increased tor-
que to remove the implants after 32 weeks in the canine 
femur. Histomorphometrically, the rough implants 
showed bone-to-implant contact, whereas the smooth 
implants showed fibrous tissue encasement. 
Cook et al. (1986) compared hydroxyapatite (HA) 
coated and alumina blasted c.p. titanium implants and 
found more bone to metal contact for the HA coated im-
plants. Their blasting particles had a size of 100 I-'m as 
7 
judged by SEM. Inspection by light microscopy reveal-
ed, according to the authors, a similar surface structure. 
However, with better characterization of the surface 
structure, the surface roughness may have been seen to 
be different, so the difference in surface roughness as 
well as the material may have contributed to the result. 
A similar result was also presented by Block et al. 
(1987), who found superior bone to-metal contact for 
HA coated implants when compared with blasted and as-
machined implants. Their surfaces were stated to be in 
the range of 25-50 I-'m and 50-75 /LID, respectively. 
Which parameter these values referred to is not men-
tioned, nor is the measuring method. 
Another puzzling observation in the studies by Cook 
et al. (1986) and Block et al. (1987) was that the tita-
nium implants showed a soft tissue interface. 
Carlsson et al. (1988) prepared screw-shaped c.p. 
titanium implants with an electropolished surface and 
compared this to a turned fmish. After 6 weeks in the 
rabbit bone, significantly higher removal torque was 
achieved for the rougher, turned surface. SEM was 
used for surface control. No difference was found when 
the different surfaces were evaluated histologically. 
Wilke et al. (1990) investigated electropolished 
titanium surfaces together with the much rougher sur-
faces obtained by sandblasting or a plasma spraying 
procedure combined with acid treatment. ~ values from 
1 to 30 /LID obtained by 2D profilometry were reported 
in the paper. The rougher implants exhibited the highest 
removal torques and the electropolished ones the lowest 
at every investigated time of follow-up. However, it 
was not a strong positive correlation between increased 
surface roughness and increased removal torque. The 
sand-blasted screws with a somewhat smoother surface 
than the plasma sprayed screws demonstrated the highest 
removal torque values, while the plasma sprayed sam-
ples had the second highest value registered for the re-
moval torque. One possible explanation could be that 
the chemical treatment influenced the surface topography 
in terms of shape and slope of the irregularities, and that 
such a surface is preferable for implant incorporation in 
bone. Another possible explanation is that a surface 
characterization with only values from an extreme 
parameter such as ~ may be hazardous to interpret. 
Besides mechanical tests and histomorphometrical 
evaluations, investigations have also considered the na-
ture of cells found in the vicinity of implant surfaces. 
Giant cells were found in close relationship to HA coat-
ed implants with different surface roughnesses in a study 
by Miiller-Mai et al. (1990). Phagocytosed implant 
material was detected in macrophages independent of the 
surface roughness. ~ values between 0.5 and 50 /LID 
were reported but not the measuring method used. The 
presence of giant cells was interpreted as a sign of active 
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Table 1. A summary of the surface roughness characterization for the five surface modifications used in experimental 
studies (Wennerberg et al., 1995a,b, 1996a,b,c, 1997a) by the pres~nt author. Scan size 245 J.tm x 250 J.tm, Gauss-filter 
50 x 50 J.tm. The mean values are based on 9 measurements/screw and 10 screws of each modification, standard devia-
tion is presented within parenthesis. Multiple variance analysis shmvn a high probability to detect differences between 
the different surface modifications when different particle size was used p-value < 0.0001. 
Sa pm 
Turned 0.71 
Blasted: 25 pm Ti02 1.18 
Blasted: 25 pm Al20 3 1.14 
Blasted: 75 pm Al20 3 1.45 
Blasted: 250 pm Al20 3 2.01 
resorption of the implant material by osteoclasts. 
Few investigators have found the surface roughness 
to be immaterial for the rate of bone fixation evaluated 
with removal torque. Eulenberger and Steinemann 
(1990) investigated two implant materials (titanium and 
stainless steel) with polished and blasted surface topog-
raphy. The results demonstrated no influence for the 
different topographies, but higher removal torques were 
achieved by implants manufactured of titanium, indica-
ting that the choice of the implant material seemed to be 
more important than the degree of implant surface 
roughness. They reported only one~ value (0.65 J.tm) 
and one~ value (5.3 J.tm). To which of the four sur-
faces these values referred was not mentioned, neither 
was the measuring method. 
In a histomorphometric study, the bone-to-metal 
contact was found to be positively correlated to in-
creased surface roughness (Buser et al., 1991). The 
surfaces investigated were reported to have an average 
surface roughness of 6 to 50 J.tm. However, the method 
of measurement was not mentioned and neither were the 
surface roughness parameters explained in any detail. 
The surface treatments were electropolishing and HA 
plasma spraying. The surfaces were acid treated as 
well, a modification of the surface topography that was 
found to have a stimulating effect on bone apposition. 
The authors observed that not only the height deviation 
but also the orientation of the surface structures is 
important for tissue response. 
Gotfredsen et al. (1992) studied the biological 
response to turned c.p. titanium implants versus Ti02 
blasted implants. Surface topographical characterization 
was performed with SEM and 2D profilometry. The 
numerical parameters used were Ra and :Rz: ~ for the 
two surfaces was 1. 0 and 1.1 J.tm respectively, and cor-
responding figures for :Rz were 5.2 and 6.7 J.tm. The 
authors found the blasted implants needed significantly 
(0.25) 
(0.3) 
(0.3) 
(0.3) 
(0.4) 
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Sex I-'m Sdr 
8.98 (1.5) 1.22 (0.09) 
9.83 (0.6) 1.36 (0.1) 
9.81 (0.7) 1.36 (0.1) 
11.04 (1.1) 1.46 (0.1) 
13.49 (1.4) 1.76 (0.1) 
greater removal torques. However, the qualitative his-
tological evaluation demonstrated no reliable differences 
between the two surface modifications. 
Carlsson et al . (1994) investigated smooth, as-
machined , and Al20 3 blasted titanium implants and HA 
coated implants inserted in human arthritic knees. The 
rougher implants (HA coated and Al20 3 blasted) demon-
strated direct bone apposition whereas the smooth 
implants were often encapsulated in fibrous tissue. The 
smooth surface measured an Ra value of 0.9 J.tm with 
2D profilometry. The study also included values for 
~m and S/Sm. SEM was used for visual characteriza-
tion. No difference was detected between HA coated 
and blasted samples. 
Polished, AI20 3 blasted and fiber-metal Ti6Al4V 
implants were compared by bone-to-metal contact and 
shear strength in a study published by Goldberg et al. 
(1995). A 2D profilometer was used for surface rough-
ness measurement. An R1 value was used for the 
numerical characterization. Fiber sintered and blasted 
surfaces had significantly higher shear strengths than 
polished implants. The blasted implants demonstrated 
more bone in contact with the implant surface than with 
the polished and the fiber sintered metal. The authors 
concluded that the blasted surface was excellent for 
implant integration. 
Gotfredsen et al. (1995), in accordance with their 
previous work (Gotfredsen et al., 1992), found increased 
removal torque for Ti02 blasted implants compared to 
as-machined ones. In contrast to their previous study, 
the histomorphometrical evaluation in this case demon-
strated more bone in contact with the implant surface for 
the Ti02 blasted implants (Sa = 0.61 J.tm) compared to 
the turned ones (Sa = 0.31 I-'m). The surface structure 
was characterized in 3D with an optical scanner. For 
numerical description , Sa values were used. Visual 
description used computer created images and SEM. 
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Table 2. Elemental surface concentrations (in atomic %) of the different surface modifications obtained by Auger 
electron analysis. 
Screw modification Ti 0 c 
Turned 
1.1# 
1.2 
AI20 3 25 #'111 
1.1 
1.2 
2. 1 
2.2 
Ti02 25 ~m 
1.1 
1.2 
2.1 
2.2 
Al20 3 75 ~m 
1.1 
1.2 
2.1 
2.2 
Al20 3 250 ~m 
1.1 
1.2 
2.1 
2.2 
12.9 45.3 35.2 
15.0 45.3 33.9 
1.2 
1.9 
2. 1 
3.7 
8.4 
12.7 
36.3 
34.2 
82.7 
77.7 
36.2 
42.7 
12.2 43 .7 41.0 
12.6 40.9 43 .9 
14.2 51.0 31.9 
13.8 48.4 34.6 
6.6 31.4 41.0 
7.1 34.6 41.3 
7.0 34.3 37.1 
7.4 40.3 36.9 
0.6 26.6 38.3 
0.5 23.9 43 .2 
0.4 
0.9 
25.6 
21.1 
37.6 
51.7 
Ca 
0.3 
0.5 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
1.8 
1.5 
1.5 
1.4 
0.9 
1.6 
0.7 
1.8 
s 
0.6 
0.6 
0.2 
0.4 
0.4 
0.5 
0.3 
0.3 
0.2 
0.2 
1.3 
1.6 
1.0 
p 
0. 2 
0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.1 
Si 
0.1 
0.3 
0.3 
0.2 
2.1 
1.8 
2.3 
2.8 
0.1 
0.3 
0.8 
0.2 
B 
2.9 
3.3 
24.1 
22.5 
24.0 
17 .9 
Cl 
1.0 
1.1 
0.3 
0.2 
1.7 
1.5 
1.3 
1.3 
1.1 
AI 
7.2 
6. 8 
17.1 
14.2 
14.8 
11 .5 
17.1 
11.2 
2.9 
2.3 
2.1 
1.8 
Na 
4.6 
3.9 
1.4 
2.0 
1.9 
1.3 
1.3 
6.2 
4.5 
6.0 
3.4 
Cu 
1.5 
#First digit refers to screw number, second digit to the analysis points. 
Feighan et al. (1995) investigated Ti6Al4V implants 
prepared with different surface roughnesses. They in-
vestigated polished surfaces (Ra 0.4-0.6 ~m) and three 
differently blasted surfaces. R8 , Rz (DIN) and~ values 
were obtained by non-contacting profilometry. One sur-
face was blasted with 300 ~m stainless steel particles, 
another was blasted with 500 ~-tm particles of Al20 3, and 
a third with 250 ~-tm particles of A120 3. Pull-out tests 
demonstrated about six times higher removal torques for 
the blasted implants than the as-machined ones. Histo-
morphometrically, more bone was found in contact to 
the implant surface for the blasted implants than for the 
unblasted surfaces. Furthermore, more bone was found 
in contact to the surface of the implant blasted with 
A120 3 particles than the stainless steel blasted implants. 
9 
Review of Our Own Studies on 
Optimal Range of Surface Roughness 
In order to establish whether there is an optimal sur-
face roughness for implants intended for bone tissue a 
series of studies have been undertaken by the present 
author (Wennerberg et al., 1995a,b, 1996a,b,c, 1997a). 
Implants of varying surface roughness were pro-
duced by a blasting procedure using 25, 75, and 250 ~-tm 
particles of A120 3 and 25 J.tm particles of Ti02. Turned 
implants served as controls. The implant surface rough-
ness was measured with a confocal laser scanner (Top-
Scan 3D, Heidelberg Instruments GmbH, Heidelberg, 
Germany). The measurement area was 245 ~-tm x 250 
~-tm for all measurements, and a Gaussian filter was used 
A. Wennerberg 
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Figure 4. Removal torque values (A) and percentage 
bone-to-metal contact (B) after 4 weeks in rabbit bone 
(Wennerberg et al. , 1996b). 
to extract roughness from form and waviness. Filter 
size was set to 30 J.Lm x 30 J.Lm in three of the studies 
(Wennerberg et al., 1995a,b, 1996a) and to 50 J.Lm x 50 
J.Lm in the remaining studies. The filter size was 
changed because it became obvious that the smaller size 
removed too much of the surface features . At least nine 
measurements were performed on each screw and at 
least three screws from each of the different surface 
modifications were measured in every study. Appropri-
ate software was used for visual and numerical charac-
terization. A summary of three surface roughness pa-
rameters for the five surface modifications is presented 
in Table 1. 
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Table 3. Screw-shaped implants prepared with two sur-
face modifications each (Wennerberg et al., 1998). 
Four different topographies were prepared. Three 
screw-sides of each surface modification were measured, 
and each screw-side was measured on 9 areas. The 
mean value of these 27 measurements (standard devia-
tion within parenthesis), on every surface modification 
are summatized below. Statistical analysis by ANOV A 
and Fisher's PLSD as a post-hoc test showed significant 
difference (p < 0.05) between the three surface 
parameters and the four surface modifications. 
sa (J.Lm) Sex (J.Lm) sdr 
Turned 0.96 8.48 1.34 
surface (0.4) (1.2) (1.2) 
Blasted 1.22 9.79 1.44 
25 J.Lm AJ2Q3 (0.36) (0.55) (0.15) 
Blasted 1.43 11.63 1.49 
75 J.Lm AJ2Q3 (0.28) (0.65) (0.11) 
Blasted 2.20 13 .59 1.81 
250 J.Lm Al203 (0.32) (1.13) (0.12) 
Furthermore, to control the influence of the dif-
ferent blasting materials, the chemical composition was 
investigated with Auger electron analysis . Two points 
per sample and two samples of each modification was 
analysed. Not surprisingly, Al was found on the AI2~ 
blasted implants. Except for that finding, the surface 
composition was similar for all five surface modifica-
tions (Table 2). 
After implantation times of 4 weeks, 12 weeks, or 
1 year in rabbit tibia and femur, the animals were sacri-
ficed. The implants were evaluated with respect to the 
peak removal torque, and the percentage of bone-to-im-
plant contact in histological sections. Detailed infor-
mation about material and methods are found in each of 
the referred studies. 
Firmer bone fixation was found for the blasted 
implants when compared with the as-turned specimens. 
This was valid for both tibial and femoral implants and 
for evaluation times of 4 weeks (Wennerberg et al., 
1996b), 12 weeks (Wennerberg et al., 1995a,b, 1996a,c) 
and 1 year (Wennerberg et al., 1997a). A 75 J.Lm 
blasted surface, Sa 1.45 J.Lm, demonstrated firmer bone 
fixation than a blasted surface with an Sa value of 1.1 
J.Lm. A tendency towards finer bone fixation was found 
for a blasted surface with an Sa value of 1.1 J.Lm when 
compared with an S8 value of 2 J.Lm. No differences 
could be detected when comparing surfaces blasted with 
Ti02 and Al20 3 but with similar degree of surface 
roughness (Wennerberg et al., 1996a). 
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Figure 5. Removal torque values (A) and percentage 
bone-to-metal contact (B) after 12 weeks in rabbit bone 
(Wennerberg et al., 1995a) . 
The results from removal torque evaluation and 
histomorphometrical calculation are summarized in 
Figures 4, 5, 6, 7, 8 and 9. 
In a recent study, the above results were confirmed 
(Wennerberg et al., 1998). Forty screw-shaped implants 
were divided into four groups, ten screws in each. 
Every screw was prepared with two different surface to-
pographies in the longitudinal aspect of the screw (Fig. 
10). The purpose was to eliminate any possible vari-
ation from implantation site and initial stability. The 
surface topography was measured with the TopScan 3D 
equipment and the surface roughness was characterized 
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bone-to-metal contact (B) after 12 weeks in rabbit bone 
(Wennerberg et al. , 1995b). 
using one height, one spatial and one hybrid descriptive 
parameter (Table 3). A visual description of each of the 
four investigated surface modifications is shown in 
Figures llA, llB, 11C, and llD . After 12 weeks in 
rabbit tibia, all screws were histomorphometrically 
evaluated. Again, blasted surfaces demonstrated more 
bone in contact to implant surface than turned surfaces. 
The most bone in close contact to implant surface was 
found for a surface blasted with 75 J.tm sized particles, 
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Figure 7. Percentage bone-to-metal contact (A; in 
rabbit tibia) and (B; in rabbit femur), and removal 
torque values (C) after 12 weeks in rabbit bone 
(Wennerberg et al., 1996a). 
numerically characterized with an average height devia-
tion (Sa) of 1.4 ~m, an average wavelength (Sex) of 11.6 
~m and a developed surface area ratio (Sdr) of 1.5 (Figs. 
12A, 12B, 12C, and 12D, and Fig. 13). To increase the 
sa above 1.5 ~m and the sex above 12 ~m did not 
improve the bone fixation, but in fact gave less firm 
fixation. A possible explanation for this fmding may be 
increased ion leakage above a still unknown threshold 
12 
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5 
0 
c Ti01 25 
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value, but it might also be explained by the fact that a 
surface blasted with 250 ~m sized particles of Al20 3 did 
exhibit a rather inhomogeneous structure with some 
small smooth and some very rough surfaces. 
With an appropriate measuring method and evalua-
tion technique, evidence has been found that there may 
exist an optimal surface structure, at least on a short 
term basis and without functional loading. Furthermore, 
it is now possible to numerically characterize such a sur-
face, which is necessary if reproducibility of the surface 
is to be controlled. 
However, the above quoted studies were all per-
formed in animals and properly monitored. Therefore, 
prospective clinical studies should be carried out to 
verify the clinical relevance of these results. 
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Discussion with Reviewers 
R.G. Richards: How was the histology carried out on 
the samples: sectioning, staining etc.? What statistics 
method was used? 
Author: Implants and surrounding bone were fixed in 
4% buffered formalin, embedded in light curing resin, 
cut and ground, as described by Donath (1988), to a 
thickness of about 10 JLm. The sections were then 
stained in toluidine blue. 
Wilcoxon Sign Rank test was used. 
R.G. Richards: In the present study, was removal tor-
que measured? If so, what effect of having two differ-
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ent roughnesses of surface on a screw does this have on 
removal torque? If not, was the optimal surface struc-
ture in the results just based on bone to implant contact 
from the histological sections? 
Author: In the study where two surface roughnesses 
were prepared on each screw, the results were based on 
histomorphometrical calculations only. 
R.G. Richards: The visual description of the surface in 
Figures 12A-12D was produced by what method? Did 
it make a difference where on the screw this description 
was taken from or where the visual descriptives similar 
all over one type of roughness on a screw the same? 
Author: The original measurements before filtering was 
used and the images are produced with a software for 
3D digital imaging. The images, as well as the numer-
ical values, differ depending on whether the measure-
ments are from thread-tops, thread-valleys or from 
thread-flanks. Tops are often the roughest part of an 
implant screw. This seems to be more pronounced for 
turned implants than for blasted. It is important that the 
parameter value refers to several measuring areas from 
different parts (top , valley, flank) of the screw. 
P.A. Campell: The text describes many studies about 
titanium surfaces and their effect on fixation. Can the 
authors discuss cobalt chromium surfaces that are used 
in orthopaedic implants? 
Author: There is a wide range with respect to surface 
roughness in orthopedic implants. The femural head 
should be as smooth as possible, whereas it could be of 
an advantage to increase the roughness of the stem and 
other part of the implant system that should fixate 
towards bone tissue. 
P.A. Campell: It is stated in the text that "rough" sur-
faces are better for bone ingrowth and such surfaces are 
used in orthopaedic implants. However, rough surfaces 
can produce third body wear particles that lead to 
increased polyethylene wear and osteolysis. Can the 
author suggest how to optimize the need for rough sur-
faces for fixation while protecting the bearings from 
particles shed from the rough surfaces? 
Author: The question is beyond the topic of the present 
review. However, it would be interesting to investigate 
different surface modification methods, for example, if 
particle release is similar for blasted as for titanium 
plasma sprayed surfaces. 
J.C. Keller: Please describe the procedures used to 
place the implants in Figures 12A-12D, were these 
implants self-tapping? 
Author: All operations were performed under aseptic 
conditions. The implant sites were drilled with low 
The role of surface roughness for implant incorporation 
rotatory speed and under copious irrigation of saline. A 
tap with a diameter of 3. 75 mm was used as the ftnal 
step of the hole preparation. 
J.C. Keller: The presence of reversal lines indicate 
honey adaptation at the interface. Please comment on 
this observation in respect to whether the remodeling is 
due, in part, to the implant placement procedures and/or 
to the attempts to optimize the interfacial properties of 
the implants themselves. 
Author: The implant insertion procedures were the 
same in all studies but of course there may be a possi-
bility that the implantation sites varied. Supposing the 
drilled holes always were larger on left side compared 
with right side of the rabbit. To exclude such uncer-
tainties in our evaluation, implants were prepared with 
2 degrees of surface roughness each, i.e., each screw 
was it's own control. The results from that study (Wen-
nerberg et al., 1998) must be interpreted as a biological 
response to the different surface modifications and not 
depending on the implant placement procedure. 
J.C. Keller: Is there a change in the surface chemistry 
properties as a result of "blasting" procedures compared 
to machined surfaces? How much influence do these po-
tential alterations affect observed biological interactions? 
B. Chehroudi: Since the geometrical shape, hardness, 
and weight, and therefore velocity of the 25 J.Lm Ti~ 
and AI20 3 blasting particles could differ, was there any 
difference in the surface topographies produced using 
either blasting technique? Could there be differences in 
the surface chemistry of rough surfaces produced by 
these two techniques and what would be the possible 
biological responses. 
Author: The surface topography was almost identical 
when blasting with 25 J.Lm particle size of AI20 3 or with 
Ti02. The surface chemistry was influenced, alumina 
was found on the AI20 3 blasted screws in contrast to the 
turned and Ti02 blasted ones. However, after 12 weeks 
in rabbit bone no difference in removal torque or with 
amount of bone-to-implant contact could be detected. 
B. Chehroudi: Rough surfaces are shown to attract 
macrophages both in vitro and in vivo (Rich and Harris 
1981; Murray et al., 1989; Salthouse, 1984). At least 
in a report on orthopaedic implants, lytic activity around 
the implant surface after ftve years is attributed to the 
roughness of the blasted titanium surfaces (Unwin and 
Stiles, 1993). Can the author speculate on the long term 
fate of the rough implant surfaces? Is there a study 
planned to investigate the long term (35 years) effects of 
such blasted surfaces? 
Author: Thirty-ftve years of follow-up is difficult to 
achieve in an animal model , why just 35 years anyway? 
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However, the question is interesting and it is important 
to investigate problems related to rough surfaces after 
long insertion time. Although it was not possible to 
detect any negative effects after 1 year in rabbit bone, 
and clinical studies up to 5-years of follow-up for a 
blasted surface (Makkonen et al., 1997) did not 
demonstrate any adverse reactions. 
B. Chehroudi: From the data expressed, can the 
authors state that a particular blasted surface would 
integrate faster with bone than others, or than the 
control rotated surface? 
Author: From the experimental data referred to in 
present review it can be concluded that a certain degree 
of surface roughness will have a firmer bone fixation 
than the turned surface for at least a short time of 
follow-up . It should be emphasized that the studies were 
all performed under unloaded conditions 
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